H ydrocepHalus is a commonly encountered neurosurgical entity in both pediatric and adult populations. Despite the growing use of endoscopic third ventriculostomy, ventricular CSF shunting remains the most prominent treatment of choice.
H ydrocepHalus is a commonly encountered neurosurgical entity in both pediatric and adult populations. Despite the growing use of endoscopic third ventriculostomy, ventricular CSF shunting remains the most prominent treatment of choice. 2 Cerebrospinal fluid shunting procedures provide a rapid means to normalize intracranial pressure and can prevent neuronal damage and other detrimental sequelae. 1, 6 In the US, there are approximately 69,000 annual hospital admissions for hydrocephalus, resulting in 39,000 shunting procedures, most commonly involving VP shunts. 3, 13, 16 These procedures cost our national health care system more than $1 billion each year. 13, 16 The excessive costs predominantly arise from relatively high complication and revision rates. 5 Shunt failures result in the need for revision surgery, often requiring urgent management. 9 Causes of malfunction include valve failure, proximal or distal catheter obstruction, infection, distal catheter migration, shunt disconnection, or any combination of these problems. 11, 15 One study estimated that approximately 41% of all shunting procedures performed were for malfunction and an additional 7% were related to shunt infection. 13 Therefore, it is clear that despite significant developments in technology and design, shunt failure remains a significant problem in neurological surgery.
To examine this issue, many studies have been performed to investigate complication rates and causes of failure in both children and adults. 4, 5, 7, 8, 11, 12, 17, 18, 20 Some of these studies have suggested that there may be specific risk factors for shunt failure such as young age, male sex, socioeconomic status, 20 and ventricular catheter location. 8 Additionally, several reports have calculated shunt survival rates at different time points after initial shunt placement. 4, 8, 10, 12, 20 However, given the limited follow-up duration in these studies, they are unable to adequately account for the long-term consequences of shunting operations.
The long-term durability and revision rate of pediatric VP shunts have yet to be described in the literature. We present a single-institution retrospective review of patients with more than 15 years of follow-up after their initial shunt placement to analyze hydrocephalus origins, shunt revision rates, and causes of shunt failure. Patients who underwent their first shunt revision more than 10 years after initial shunt placement were also explored.
Methods

Study Population
A retrospective chart review was performed on all pediatric patients who underwent VP shunt placement from January 1990 through November 1996 at our institution. This project was approved by the Institutional Review Board at the University of Rochester. Billing codes (Current Procedural Terminology [CPT] codes) for all CSF shunting procedures were used to generate the patient population: 62180-62192, 62200-62223, 62256-62258, 62160, 62194, 62225-62230, 63740, 63741, 63744, and 63746. Only patients under the age of 18 at the initial shunting procedure were included. Two hundred three patients were found: 8 underwent shunt removal, 81 had shunt replacement, and 114 patients underwent placement of a VP shunt. Only 64 (31%) of the patients had more than 15 years of follow-up and were included in this study.
Outcome Variables
The predetermined variables included the patient's age, sex, race, origin of hydrocephalus, bur hole site, and time to revision. Causes of hydrocephalus were categorized into aqueductal stenosis, arachnoid cysts, CM Types I or II, congenital not otherwise specified, craniosynostosis, Dandy-Walker syndrome, infectious, IVH, trauma, tumor, or unknown. Patients born with hydrocephalus were categorized as congenital unless a more specific cause was known such as aqueductal stenosis or Dandy-Walker cyst. Applicable perioperative data were entered such as age at operation, length of stay, type of shunt valve implanted, portion of shunt replaced, and reasons for shunt failure. The possible reasons for malfunction were classified as proximal catheter occlusion, distal catheter occlusion, valve failure, infection, disconnection, catheter migration, tubing break, complete obstruction, independence failure, underdrainage, nonabsorbing peritoneum, or unknown. Lastly, outcome data were recorded, including number of revisions and last encounter date with our medical system, as determined by patient records and digital health records from providers within our network.
Only patients who had at least 15 years of follow-up from their initial shunting procedure were included. This variable was determined by the difference in time between our last encounter and the first shunt placement date. Therefore, patients who were lost to follow-up or died within this time period were excluded from our study.
Statistical Analysis
Univariate, chi-square, and Kaplan-Meier analyses were performed with the SPSS statistical program (IBM). A probability value < 0.05 was considered statistically significant.
Results
We found 64 patients requiring a total of 234 shuntrelated procedures with at least 15 years of follow-up since their first shunt surgery ( Table 1 ). The mean followup time for all patients was 19.9 years (median 18.1 years, range 15-34.4 years, SD 5.3 years). The median age of patients at initial shunt placement was 4 months with a range between 3 days and 17.2 years old (mean 2.7 ± 4.7 years).
The patients consisted of 54.7% males, 76.6% white, and 17.2% African Americans, which matched the population demographics for the region. The percentage with private health insurance, Medicaid, and Medicare was 68.8%, 29.7% and 1.6%, respectively. The most common causes of hydrocephalus were congenital (20.3%), CM Type II, tumors, and IVH. The proximal ventricular catheter was placed parietooccipitally in 87% of patients and there was no significant difference in mean time to failure for the frontal location. Seven different neurosurgeons at our institution were listed as the primary surgeon.
A total of 170 revision procedures were performed, resulting in an average of 2.66 revisions per patient. Of the 64 patients, only 15.5% did not require a revision in the time period examined (Fig. 1) . Thirty-one percent of patients required only 1 revision, 18.8% required 2, 7.8% required 3, and 9.4% each required 4 and 5. Seventeen percent of patients underwent a total of 6-9 revisions, and 4.7% required 10 or more. As depicted in the KaplanMeier survival curve (Fig. 2) , more than half of the failures occurred within the first year. Furthermore, after the initial early failure, there was a steady decline in survivability extending past 15 years. There was no significant difference in mean age for patients who required revision compared with those without further surgery (29 vs 49 months, respectively; p = 0.31).
The most prevalent causes of shunt failure malfunction were proximal (27%) and distal (15%) catheter occlusion, disconnection (11%), and infection (9%; Fig. 3) . As a result, entire shunt replacement was the most common procedure (34.5%), followed by distal catheter only, proximal catheter and valve, and proximal catheter only ( Table 2 ). The types of valves used were Heyer-Schulte Low/Medium, Holter Low/Medium, Hakim Fixed/Programmable, Delta 1.0/1.5, Pudenz Low/Medium, and Orbis Sigma. There were 4 programmable and no high-pressure valves. Pudenz Low was the most common valve overall (42%) and medium-pressure valves were placed in 42% of the procedures.
The average time to first shunt revision was approximately 2 years (median 12 months, range 0-209 months).
A univariate analysis did not disclose any significant effects for any of the variables recorded for time to first failure (Table 3) . Interestingly, 12.5% of the patients did not require their first revision until more than 10 years after their initial shunt placement (Table 4) . Univariate and chi-square analyses of all collected variables such as sex, race, insurance type, origin of hydrocephalus, valve type, or reason for shunt revision were not statistically significant risk factors for late failure. * All data given as number of patients (%) unless otherwise indicated. 3 . Representation of causes for shunt failure over an average follow-up of 20 years. Equipment failure (21%) included disconnection (11%), tubing break (4%), or catheter migration (6%). The "other" category (18%) included unknown (12%), nonabsorbing peritoneum (2%), underdrainage (2%), and independence failure (2%). The catheter clogged category (52%) included proximal (27%), distal (15%), valve (8%), or complete occlusion (2%).
Discussion
While there is clear scientific literature describing the myriad of complications related to CSF shunting, there needs to be a greater understanding of long-term VP shunt durability. To accomplish this, we retrospectively reviewed all records of patients with at least 15 years of follow-up after VP shunt placement. Our goal was to report a single institution's shunt revision rate and attempt to discover risk factors related to shunt failure occurring more than 10 years after placement.
The patient population we analyzed was fairly representative of the general population, and demographics such as sex, age, race, and insurance type were similar to those reported by other groups. 8, 10, 12, 15, 18, 20 In addition, the causes of hydrocephalus were similar to those listed in other studies. 15, 18 As shown in Table 1 , patients can expect to have an average of 2-3 shunt revisions over the course of 20 years after initial placement. In our series of patients with at least 15 years of follow-up, 85% required at least 1 revision, which has been underreported by other studies because they were shorter in duration. 15, 20 These are important statistics for neurosurgeons to recognize to educate their patients.
There was a subset of patients who required shunt revision after 10 years. It is important to note that complications occurring for these individuals were attributed to a variety of reasons and there was no specific cause dominating these failures. There were no late cases of infection, suggesting that failure is secondary to shunt integrity, patient growth, or catheter obstruction. In addition, there was no specific hydrocephalus cause that was associated with late failure or long-term patency. Therefore, late failures can be considered natural phenomena of shunt therapy and providers should never assume shunt independence.
In describing the complications relating to shunt therapy, other studies have focused on infections as a major issue. 5, 14, 15 Simon et al. 15 studied over 7000 children after shunt placement and found an overall infection rate of 11.7%. Although our study found infection to be the cause of shunt malfunction for 9% of failures, this may not be an adequate representation for patients undergoing treatment today because our patients received their shunts prior to the advent of antibiotic-impregnated ventricular catheters. 19 It is presumed that this incidence would be lower for patients treated with shunts today.
Proximal catheter occlusion was the largest cause of shunt failure. The majority of our shunts had occipital proximal catheters, which may have contributed to the occlusion rate. There was no significant difference in failure rate between proximal catheter entry locations, but the number of frontal catheters was insufficient for analysis. There are conflicting data in the literature regarding which cortical entry site provides the lowest occlusion rate. 8 Theoretically, a large portion of shunt failures may be averted by any technique that reduces the tendency of the proximal catheter to become occluded with choroid.
The most common revision procedure was complete shunt replacement, followed by distal catheter only and proximal catheter with valve. While this may seem contradictory to the declared causes of failure, complete replacement was typically performed for infection, complete obstruction, independence failures, and unknown causes. In addition, many of the shunts were converted from multicomponent shunt systems with distal slit valves to newer technology consisting of a single cranial valve, which necessitated complete shunt revision. The largest limitations of this study are its retrospective nature and the absence of patients who were lost to follow-up or died. No attempt was made to contact patients who did not return for care. This could artificially affect the revision rate by omitting either the patients who did well, and therefore did not present for follow-up, or those who left our network and received care elsewhere. We attempted to compensate for this limitation by only including those patients with more than 15 years in our system.
Conclusions
Although CSF shunting remains the most common procedure used to treat hydrocephalus, it is fraught with complications and has a high likelihood of revision. Mechanical failure and catheter clogging were the causes of shunt failure in the majority of patients. Whereas catheter migration, disconnection, or tubing break constituted one-third of late failures, there was no specific hydrocephalus cause, valve type, or patient demographic that predicted the need for VP shunt revision after 10 years following placement. 
